The series of anhydrous lanthanide chlorides LnCl 3 , Ln ¼ Pr-Tb, and 4,4 0 -bipyridine (bipy) constitute (1-8), 0 # x, y # 0.5. The series of MOFs exhibits the opportunity of tuning the emission colour in-between green and red. Depending on the atomic ratio Gd:Eu:Tb, the yellow region was covered for the first time for an oxygen/carboxylate-free MOF system. In addition to a ligand to metal energy transfer (LMET) from the lowest ligand-centered triplet state of 4,4 0 -bipyridine, a metal to metal energy transfer (MMET) between 4f-levels from Tb 3+ to Eu 3+ is as well vital for the emission colour. However, no involvement of Gd 3+ in energy transfers is observed rendering it a suitable host lattice ion and connectivity centre for diluting the other two rare earth ions in the solid state. The materials retain their luminescence during activation of the MOFs for microporosity.
Introduction
Since the invention of metal-organic framework (MOF) chemistry including lanthanide elements, luminescence has been discussed as a potential property for this class of coordination polymers.
1-14 Two principles can be distinguished: (a) a process triggered by an organic chromophore being responsible for both the excitation and the emission process 15, 16 and (b) incorporation of metal ions as luminescence centres [12] [13] [14] [17] [18] [19] being mainly focussed on the use of lanthanide ions. Different from deactivation by radiation, either by a singlet-singlet transfer to the ground state (molecular fluorescence, S 1 / S 0 ) or by a triplet-singlet transfer to S 0 by the spin forbidden transition T 1 / S 0 (molecular phosphorescence) of the organic part of a MOF, in the case of lanthanides, the emission is due to intra-configurational f-f transitions within the 4f shell.
20 As several trivalent lanthanide ions provide sufficient band gaps between their 4f states, they are useful as luminescence centres for the visible range (Sm 3+ 21 Gd 3+ can emit in the ultraviolet region.
21
However, as the referring 4f-4f transitions are parity forbidden, 20 these transitions are usually weak in intensity. Therefore and although the photoluminescence of lanthanide ions can be an efficient process, the lanthanides suffer from weak light absorption. As the molar absorption coefficients of the trivalent lanthanides are smaller than 3 ¼ 10 L mol À1 cm À1 , for most transitions in the absorption spectra, only weak amounts of radiation are absorbed by direct 4f excitation. The intensity of luminescence is proportional to the luminescence quantum yield as well as to the amount of light absorbed. Consequently, limited light absorption results in weak intensity of the luminescence. This problem can be overcome by adding ligands to the system that can be utilized as potential antennas for the metal ions, the so-called antenna effect or sensitization. Regarding a MOF, its linkers may undergo a non-radiative transition from the triplet state to an excited 4f state of the lanthanide ion.
22 Subsequent to this indirect excitation by energy transfer, the lanthanide ion may undergo a radiative transition to a lower 4f state by characteristic line-like photoluminescence, e.g. intense metal-centred luminescence can be observed for lanthanide complexes with organic ligands like salicylic aldehyde, benzoyl acetone, and dibenzoyl methane upon excitation in an absorption band of the organic ligand. 23 A much higher amount of light can be absorbed by the organic ligands than by the lanthanide ion itself because of the intense absorption bands of the organic chromophores. Though the phenomenon that the ligand in a system can be utilized for a much more efficient excitation process was discovered almost 70 years ago, 23 it was correctly evaluated much later, while today it is a prominent feature for luminescent lanthanide containing MOFs.
24 Providing a sufficient overlap of excited states of the ligands with excited 4f states of the lanthanides, a ligand to metal energy transfer (LMET) becomes available.
24 Emission is then provided by the lanthanide ions as the expected line emission of the referring lanthanide ions. Because the partially filled 4f shell is shielded from the chemical environment by the closed 5s 2 and 5p 6 shells, the ligands in the first and second coordination sphere hardly perturb the electronic configurations of all trivalent lanthanide ions except Ce
3+
. This shielding is responsible for the specific properties of lanthanide luminescence including the line emission. We achieved luminescent MOFs that exhibit such processes by utilizing 4,4 0 -bipyridine as antenna together with trichlorides of europium and terbium accompanied by co-doping of both ions into a gadolinium MOF matrix during MOF formation. Gd 3+ is substituted by Eu 3+ and Tb 3+ to give a series of solid solutions. This enables complete colour tuning within one homogeneous MOF material. Recently, we were able to show that co-doping of lanthanide luminescence centres into coordination polymers is possible for alkaline earth imidazolates for both divalent and trivalent lanthanide ions.
25 Co-doping of trivalent terbium and europium was observed quite recently for a coordination polymer statistically distributing the different lanthanide ions over the metal sites of the network 26 and in a lanthanum based carboxylate for very low doping amounts, 27 rendering colour tuning accessible and corroborating our observation.
We can now show that higher amounts of trivalent lanthanide ions enable additional energy transfer mechanisms, namely a metal to metal energy transfer (MMET) . 29, 30 It is evident that apart from upconversion, the energy transfer can only be observed from a higher or equal energy level of the sensitizer to an acceptor energy level. The influence of activation for microporosity of our materials on the luminescence was also investigated retaining the luminescence after evaporation of the 4,4 0 -bipyridine templates. 0 -bipyridine to give the MOFs as a series of solid solutions. Thereby co-coordination of unwanted solvent molecules is avoided. Providing a suitable antenna for luminescence by the use of bipyridine as the linker of the framework, the avoidance of solvent molecules can be additionally valuable as quenching effects of the solvent are suppressed. Instead 4,4 0 -bipyridine is incorporated in the channels, which is known to act as a sensitizer even by radiation only.
28 Thereby molten organic ligands can act as both suitable linkers and templates for the formation of a luminescent network structure leading to two-dimensional coordination polymers or MOFs. 32 As the pure gadolinium containing MOF compound 1 constituted from GdCl 3 has not been known before, it was also synthesized for comparison.
For 1 anhydrous GdCl 3 and for 2-8 different ratios of anhydrous chlorides LnCl 3 with Ln ¼ Eu, Gd, and Tb were ground with 4,4 0 -bipyridine and the batches were sealed in glass ampoules under vacuum. The samples were slowly heated above the melting point of the free ligand for reaction. The cooldown process is used for annealing and increases the crystallinity of the products. Powder X-ray diffraction PXRD measurements indicate phase purity and confirm high yields of the compounds. 32 This was proven by single-crystal as well as powder X-ray diffraction. Refinement of the lattice parameters of 1 was done on the diffraction pattern on a series of reflections with the best possible resolution leading to a triclinic unit cell with no unindexed reflections.
3 Comparison of the powder patterns of the complete series 1-8 with simulated diffractograms on the basis of X-ray single-crystal data of the isotypic Eu-MOF 32 confirms the isotypic character of 1-8, the co-doped frameworks being solid solutions (see ESI †). Exemplarily for compounds 1-8, the results of the PXRD investigation on the mixed crystal 7 are shown in . 33 The match in radii together with the similarity in oxidation state and chemical behaviour is the key to the formation of a series of mixed crystal for all ratios of the three lanthanide ions allowing much higher and variable concentrations of the luminescence centres compared to a usual co-doping of a host lattice. The interconnection of the SBUs via six bipy molecules leads to a 2D layer structure (Scheme 1) with mmm symmetry for each layer. The layers are horizontally shifted to one another along the Ln 2 Cl 6 -dimer longitudinal axis, creating 180 twisted trapezoid like channels with intercalated template bipy molecules. This leads to a reduction of the overall symmetry to P 1 (Fig. 2) . As the structure and mainly interatomic angles and distances were already discussed in ref. 32 , the reader is referred to it for further information. ) is split into two signals corresponding to the coordinated (higher energy) and intercalated (lower energy) 4,4 0 -bipy. Further signal splitting can be observed in the fingerprint area at 1218, 1038 and 606 cm À1 .
Photoluminescence spectroscopy
The series of solid solutions 2 N [Gd 2ÀxÀy Eu x Tb y Cl 6 (bipy) 3 ]$2bipy (2-8) exhibits photoluminescence (PL) properties by excitation with UV-light (max. l exc ¼ 302 nm, see Fig. 3 ), whereas the pure gadolinium network compound 1 does not exhibit any luminescence emission, even the characteristic 4f-4f transition of Gd 3+ at 311 nm is not visible. Accordingly, only europium and terbium take part in the emission. A fluent change of the visible PL emission colour between green, yellow, orange and red can be achieved by variation of the terbium and europium content. Therefore the ratio of the lanthanide ions can be used to establish complete tuning of the emission colour as an additive effect of the participating ions in this homogeneous MOF series with an oxygen-free lanthanide coordination sphere. Referring behaviour was also reported for doping low amounts of Eu 3+ and Tb 3+ into a lanthanum carboxylate 27 and direct mixing of the two lanthanide ions without further host lattice metal ions like Gd 3+ .
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In comparison to the visual impression, the PL emission spectra (l Exc ¼ 307 nm) of 2-8 are depicted in Fig. 4 . The intensity of each spectrum was normalized on its highest emission peak. The colour assignment is chosen according to the visual impression of the emission colours. The spectra show the typical intra 4f-4f transitions of Eu 3+ and Tb 3+ ions. 
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The energetic positions of the transitions, their intensity distribution and the hyperfine structure of the spectra of 2 and 8 resemble the non-doped isotypic compounds that contain a concentration of 100% luminescent centres 2 N [Ln 2 Cl 6 (bipy) 3 ]$ 2bipy, Ln ¼ Eu and Tb. Therefore we assume a random distribution of the emitting Eu 3+ and Tb 3+ ions on the single lanthanide crystallographic site of the Gd structure, leading to a statistically mixed crystal series, corroborating the discussion of a direct mixing of terbium and europium for carboxylate coordination polymers and MOFs.
26,29
Tuning of the emission colour can be quantitatively characterized by the use of colour coordinates according to the CIE 1931 diagram.
41 Colour coordinates for compounds 2-8 are given in Table 1 and visualized in Fig. 5 .
In (Fig. 6 ). Therefore we assume a direct energetic relation between the two different luminescent centres, as observed for a mixed terbium/europium adipate framework. (Fig. 6) show a large, broad excitation band in the UV area with a maximum at 307 nm. This band can be identified with the excitation of 4,4 0 -bipyridine S 0 / S 1 . Followed by a singlettriplet transfer the ligand reaches an excited state with a lower energy. As the emission spectra recorded for this excitation maximum show lanthanide emission only and no organic fluorescence, the networks show an efficient ligand-to-metal energy transfer (LMET) from 4,4 0 -bipyridine to the corresponding Eu 3+ and Tb 3+ ions, which is called the antenna effect (see Fig. 7 for the energy transfer processes). Fig. 8 ). However, direct excitation of Tb 3+ and Eu 3+ is weak compared to the excitation via the linker ligand. Gadolinium is neither present in the excitation nor in the emission parts of the PL spectra indicating that it is neither directly excited nor present in the emission process (307 nm). In principle, Gd 3+ can be involved in a LMET as its excited 4f state matches with the excited S 1 state of bipy. Due to the short lifetime of the excited singlet states of the aromatic ligand, this probability is low combined to a possible energy backtransfer process to the ligand. Different from Eu 3+ and Tb 3+ that can populate excited 5 D x states close in energy on a reduced energy level that are reached by non-radiative relaxation 20 reducing the amount of energy backtransfer significantly, Gd 3+ only provides a large band gap to the ground state (see Fig. 9 ). An energy transfer from the T 1 state of the ligand to Gd 3+ is not possible as gadolinium does not provide energy levels in the referring region. The impact of Gd 3+ is its utilization as a matrix to dilute the two other lanthanide ions within a majority of gadolinium connectivity centres and thereby reducing the amount of luminescence centres and thus a potential quenching by concentration.
Activation and adsorption experiments
For the series of MOFs 1-8 activation under evaporation of the template 4,4 0 -bipyridine molecules was investigated. Therefore the MOFs were outgassed at a vacuum of 10 À2 mbar for 72 h at varying temperatures ranging from 100 to 315 C. Nitrogen adsorption-desorption isotherms were recorded at À196 C in the relative pressure range 10 À6 to 1 atm. The results were compared to the non-activated framework 1. While the nonactivated MOF is simply dense due to the templates, increasing amounts of N 2 can be incorporated (up to 172 cm 3 g À1 for an activation of 1 at 315 C, Fig. 10 ) with regard to the activation temperature. This corresponds to a surface area of s BET ¼ 660 m 2 g À1 . The isotherms acquired by activation at 300 C and 315 C indicate that in addition to the microporosity of the framework's crystal structure a low mesoporosity is observed, which is also present in the pore size distribution ranging from 0.6 to 1.8 nm for N 2 adsorption. The activated luminescent MOFs 2-8 retain their luminescence upon activation, indicating that the framework structure is also maintained. Higher activation temperatures under vacuum are not suitable as the MOFs then release framework constituting bipy molecules. In order to further investigate and corroborate these findings, X-ray powder diffraction and simultaneous DTA/TG investigations were carried out to monitor the activation process. Thermal analyses show that the non-coordinating molecules are released first prior to release of the coordinating bipy molecules (see ESI †). XRPD including temperature dependent investigations matches this observation as the diffractograms exhibit a significant change upon release of coordinating 4,4 0 -bipyridine molecules as this also implies a constitutional change of the network (see ESI †). Accordingly, activation temperatures have to be kept below. . The combination of europium and terbium further renders an additional partial metal to metal energy transfer (MMET) available from Tb 3+ to Eu 3+ excited 4f states. This leads to an increase of the emission in the red region due to the increasing intensity of the Eu 3+ emission. In the combinatorial observation emission of both europium and terbium is visible depending on their ratio and emission intensities. As the strengthening of the red region balances our eye being more sensitive in the green region, a perfect series of luminescence tuned hybrid material can be formed that covers the complete visible spectrum in-between green and red emission including yellow and orange. As Gd 3+ is not involved in the radiative processes it can be utilized as a matrix to dilute the two other lanthanide ions within a majority of gadolinium connectivity centers providing a series of isotypic solid solutions of all three ions. The materials become even more interesting as luminescence is retained during activation of the MOFs for microporous materials.
Conclusions

Experimental
All manipulations were carried out under inert gas atmosphere using a glovebox (MBraun Labmaster, Ar atmosphere), Schlenk technique and DURANÔ ampoules as well as vacuum line techniques. Heating furnaces with Al 2 O 3 tubes together with Eurotherm 2416 control elements were used for the purpose of heating the ampoule experiments. Trichlorides LnCl 3 , Ln ¼ Gd, Eu and Tb, were prepared by the published ammonium halide route 43 using the oxides Ln 2 O 3 (ChemPur, 99.9%), HCl solution (10 mol l À1 , reagent grade) and ammonium chloride (Fluka, 99.5%), and purified by decomposition of the trivalent ammonium chlorides under vacuum and subsequent sublimation of the products. 4,4 0 -Bipyridine (Alfa Aesar, 98%) was used as purchased. All products are air and moisture sensitive. For microanalysis, PXRD, vibrational spectroscopy as well as photoluminescence spectroscopy the microcrystalline materials were purified by evaporating excess 4,4 0 -bipyridine.
General consideration on the synthesis of 2 N [Gd 2ÀxÀy Eu x Tb y Cl 6 (bipy) 3 ]$2bipy (1-8)
For the synthesis of 1-8 the reagents were mixed by grinding and sealed in evacuated Duran glass ampoules. The reaction mixtures were heated to 90 C in 4 h and to 120 C in 30 h. This temperature was maintained for 48 h. The reaction mixture was then cooled to 95 C in 250 h and to room temperature within another 12 h. The products obtained were purified by , 45.90; N, 10.70; H, 3.08. Found: C, 44.82; N, 10.66; H, 3 , 45.92; N, 10.71; H, 3.08. Found: C, 44.92; N, 10.69; H, 3 
32,44
Furthermore temperature dependent XRPD was carried out on 1 to identify the range of possible activation temperatures of the MOF (see ESI †). Indexing and refinement of the lattice parameters of 1 were done on a series of reflections with the best possible resolution leading to a triclinic unit cell without unindexed lines.
45 22 characteristic reflections with an average d(2Q) of 0.08 were used for the refinement (T ¼ 293(2) K, a ¼ 1091(2) pm, b ¼ 1113(1) pm, c ¼ 1196(2) pm, a ¼ 101.8(2) , b ¼ 103. 9(2) , g ¼ 99.2(2) , and V ¼ 1346(3) 10 6 pm 3 ).
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Photoluminescence and vibrational spectroscopy
Excitation and emission spectra were recorded with a Horiba Jobin Yvon Fluorolog 3 photoluminescence spectrometer equipped with a 450 W Xe lamp, an integration sphere, CzernyTurner double grating (1200 grooves per mm) excitation and emission monochromators and an FL-1073 PMT detector. Excitation spectra were recorded from 250 to 600 nm and corrected for the spectral distribution of the lamp intensity using a photodiode reference detector. Emission spectra were recorded from 300 to 750 nm and corrected for the spherical response of the monochromators and the detector using typical correction spectra provided by the manufacturer. Additionally, the 1 st and 2 nd harmonic oscillations of the excitation source were blocked by edge filters (400 nm). FTIR spectra were recorded using a Bruker FTIR-IS66V-S and a Thermo Nicolet FTIR-380 spectrometer. Samples were measured in dried KBr pellets under inert conditions.
Gas adsorption properties
Volumetric uptake and specific surface areas were determined by nitrogen adsorption-desorption isotherms at À196 C (N 2 99.999%) obtained on a Quantachrome Autosorb 1C apparatus. Prior to the adsorption measurements, the samples were outgassed at a vacuum of 10 À2 mbar for 72 h at varying temperatures ranging from 100 C to 315 C. The results were compared to the non-activated framework 1.
Thermal analysis
For thermal analysis the products were purified by evaporation of excess 4,4 0 -bipyridine at 110 C under vacuum. The products were studied using a simultaneous DTA/TG (NETZSCH STA-409) with a heating rate of 10 C min À1 from 20 C to 1000 C. All treatments were carried out in a constant Ar-flow of 50 ml min
À1
.
